ABSTRACT: Thirty-five adult waterfowl (14 males and 21 females) representing various orders and species were sampled during the hunting season from 2015 to 2016. Antibodies to Neospora caninum were detected by IFAT on blood samples, while heart and brain were subjected to molecular analysis for the detection of Neospora caninum DNA. Twelve birds (34.3%) (6 Anas crecca, 3 Anas platyrhynchos, 2 Anas penelope, 1 Anas acuta) showed antibodies versus N. caninum, while 10 animals out of 35 (4 A. crecca, 2 A. platyrhynchos, 2 A. penelope, 1 A. acuta, and 1 Vanellus vanellus) scored positive for at least 1 DNA sample, with an overall prevalence of 28.6%. The present report shows for the first time the occurrence of antibodies and N. caninum DNA in waterfowl. The avian species investigated in the present report, which feed directly from the soil and/or water, would be able to ingest oocysts excreted by final canid hosts and could contribute to parasite transmission in the sylvatic cycle. To achieve a definitive result about the role of these avian species in the epidemiology of this protozoan, the presence of viable parasites should be demonstrated by bioassay and/or culture, as well as histological evidence of N. caninum cysts in avian tissues.
Neospora caninum is an obligate, intracellular, tissue cystforming, coccidian parasite characterized by a facultative heteroxenous life cycle that involves a definitive canid host (Canis spp.), in which sexual stages occur, and a range of intermediate hosts such as domestic and wild ruminants, and Perissodactyla, in which asexual tissue parasite stages take place (Dubey and Lindsay, 1996; Dubey and Schares, 2011; Donahoe et al., 2015) . The parasite is 1 of the important agents that contribute to bovine abortions worldwide (Spilovska´et al., 2009) and is also responsible for canine neuromuscular disease (Hemphill and Gottstein, 2000) .
Avian species show different susceptibility to N. caninum infection. Pigeons appear to be most susceptible to infection, while quail and zebra finches are more resistant (Donahoe et al., 2015) . Previous experimental investigations of domestic pigeons (Columba livia) (McGuire et al., 1999; Mineo et al., 2009) , quail (Coturnix coturnix japonica) (de Oliveira et al., 2013) , and zebra finches (Poephila guttata) (McGuire et al., 1999) focused on the consequences of N. caninum infection in birds. Evidence of N. caninum exposure among avian species was found in sparrows (Gondim et al., 2010) , and different captive and wild birds (Mineo et al., 2011; Darwich et al., 2012; Molina-Lopez et al., 2012; Du et al., 2015; Salant et al., 2015) , while both DNA and antibodies were detected in chickens (Costa et al., 2008) .
Wild waterfowl are important natural reservoirs for many pathogens, including avian influenza virus, Chlamydia psittaci, Mycoplasma anatis, Pasteurella anatipestifer, and Newcastle disease virus (Astorga et al., 1994; Takekawa et al., 2010) . Some of these avian species are reported to be intermediate hosts of Toxoplasma gondii (Mancianti et al., 2013; Zhang et al., 2015) , a protozoan parasite closely related to N. caninum and characterized by a similar environmental distribution. However, to the best of our knowledge, data on their involvement in the epidemiology of N. caninum are not available in literature. The aim of the present survey was to evaluate the exposure to N. caninum by both serology and PCR of tissues isolated from waterfowl species shot during the 2015-2016 hunting season.
In total, 35 adult waterfowl, both males and females, from various orders and species (Table I) Approximately 0.5 ml of blood and the whole heart and brain were immediately collected after shooting and were kept for serological and molecular analysis. Samples were maintained at 4 C and immediately transferred to the laboratory, where they were then stored at À20 C until processing.
These organs were selected because they are considered more representative of N. caninum detection in birds (Mineo et al., 2009; Gondim et al., 2010; Gon¸calves et al., 2012) and to follow the recommendation provided by Donahoe et al. (2015) , who advised sampling multiple tissues.
Antibodies versus N. caninum were determined using 12-well slides (Fullerton Lab, Fullerton, California) . Serum samples were screened with a threshold dilution of 1:50, and the positive sera were then end-titrated using 2-fold dilution (Costa et al., 2008) . Briefly, diluted sera (in PBS pH 7.2) on slides were incubated at 37 C for 30 min and then washed in PBS and incubated again using a commercial fluorescein-labeled anti-chicken IgG (Sigma, Milan, Italy) diluted 1/30 as the secondary antibody. Negative and positive control sera were included on each slide.
In each animal, the whole brain and more than half of the heart tissue were homogenated, and DNA was extracted to perform PCR analysis using a QIAampt DNA mini-kit (Qiagen, Milan, Italy) in accordance with the manufacturer's instructions. After extraction, DNA was stored at À20 C until use. PCR was carried out as described by Mu¨ller et al. (1996) , using primers Np6plus (CTCGCCAGTCAACCTACGTCTTCT) and Np21plus (CCCAGTGCGTCCAATCCTGTAAC), which amplify a 337-base-pair fragment of the Nc5 region.
PCR assay contained 4 ll of genomic DNA, Np6plus and Np21plus (1 ll each), 10 ll of EuroClone mastermix (EuroClone, Milan, Italy), and 4 ll of nuclease-free water in a final volume of 20 ll. DNA extracted with the same procedure from the CNS of a puppy histologically diagnosed with neosporosis and water were DOI: 10.1645/16-34 used as positive and negative controls, respectively; a brain sample from a SPF mouse was extracted and used as a further negative sample. Internal controls were achieved to verify correct extraction procedures. The PCR was carried out with the following conditions: initial denaturation (5 min at 95 C) followed by 40 cycles of denaturation (1 min at 94 C), annealing (1 min at 63 C), and extension (3 min 30 sec at 74 C), with a final extension of 10 min at 74 C. Every step was conducted under a laminar flow hood with clean gloves, used to avoid every kind of contamination. Electrophoresis in 1.5% agarose gel pre-stained with Eurosafe nucleic acid stain (30 min at 100 V) was performed on amplified DNA and viewed on a UV transilluminator. All amplicons obtained were purified using the QIAQuick PCR purification kit (Qiagen), according to the manufacturer's instruction, and then sequenced and analyzed. All sequencing procedures were performed by a commercial laboratory (BMRGenomics, Padova, Italy). Sequences were assembled and corrected by visual analysis of the electropherogram using Bioedit v.7.0.2 and then compared with those available in GenBank using the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST).
Sera from 12 out of 35 (34.3%) birds scored positive for antibodies, with titers of 50 (n ¼ 10) and 100 (n ¼ 2). Ten animals out of 35 (28.6%) and 13 tissue samples were positive for parasite DNA. The sequences obtained with high quality were 280-300 bp long, all identical and sharing 99% similarity with many other N. caninum isolates (GenBank: KP715559; KP715560; LN714476). Figure 1 shows that the products obtained were of the expected size. More detailed data about both serology and PCR results are reported in Table II. The present report demonstrates for the first time both serological response and occurrence of N. caninum DNA in the tissue of waterfowl. Positive serological results were in accord with demonstration of parasite DNA in 5 cases. The finding of DNA in 5 seronegative birds is not surprising (Mineo et al., 2009; Salant et al., 2015) . It could by explained both by a drop in the antibodies to an undetectable level and/or by sampling occurring after infection, but before seroconversion, as hypothesized by Mineo et al. (2009) . Serological results in other avian species show a wide variability, ranging from 0% to 35.8% (Mineo et al., 2011; Molina-Lopez et al., 2012) . Data from the literature report different values of isolation of DNA in birds, such as 30% in pigeons from China (Du et al., 2015) and approximately 0.1% in crows from Israel and in different wild bird species in Spain . Even if the tissue distribution of parasites in wildlife is not fully known (Donahoe et al., 2015) , our results underline the usefulness of employing more than 1 tissue to enhance sensitivity.
The role of birds in the N. caninum life cycle should be confirmed in waterfowl as well as in other species. The putative role of wild birds as intermediate hosts is further supported by the identification of N. caninum antibodies and/or DNA in the house sparrow (Passer domesticus) (Gondim et al., 2010) , common raven (Corvus corax) (Molina-Lopez et al., 2012) , and magpie (Pica pica) and common buzzard (Buteo buteo) .
Birds that feed directly from the soil and/or water, such as the waterfowl investigated in the present report, are able to ingest oocysts excreted by final canid hosts and could contribute to parasite transmission in the sylvatic cycle, representing a source of infection for other receptive animals. It could be hypothesized that the examined avian species might be susceptible to contamination by sporulated oocysts considering that their diet primarily consists of grass seeds, molluscs, and water plants. This finding is corroborated by the report of positivity in scavenger and carnivorous birds Molina-Lopez et al., 2012) .
Furthermore, many waterfowl species have migratory habits, contributing to spread of the parasite.
Although our data would suggest that N. caninum infection does not adversely affect wildlife bird populations, further research is needed to fully clarify the role of avian species in the epidemiology of this protozoan parasite. In detail, to achieve a definitive result, the presence of viable parasites should be demonstrated by bioassay and/or culture, as well as histological evidence of N. caninum cysts in avian tissues.
